The signal transduction mechanisms of interferons (IFNs) remain unclear partly because no effect of lEN has been reproducible in a cell-free system. IFN-a rapidly induces the transcription of a set of early response genes, and a multicomponent transcriptional activator, interferon stimulated gene factor 3 (ISGF3), is activated within minutes after binding of IFN-a to its receptor. A system was developed in which IFN-a activated ISGF3 in homogenates of HeLa cells. Subcellular fractionation revealed that incubation of a plasma membrane-enriched fraction with IFN-a was sufficient to activate the regulatory subcomponent of ISGF3.
Lnterferons are polypeptides that exhibit diverse biological activities such as inhibition of cell growth and inhibition of viral infection. Transcription of cellular genes is activated by type I interferons (IFN-a and IFN-3). The transcribed genes contain within their promoters similar sequences, termed interferon stimulated response elements (ISREs), which are necessary and sufficient for IFN-a-induced expression (I, 2) . Two IFN-a-induced protein complexes (ISGF2 and ISGF3) and one constitutive protein complex (ISGFT) have been defined by means of electrophoretic mobilityshift gel assays (EMSAs) with ISRE probes (1, 3, 4) . ISGF3 , a multisubunit protein complex, appears to be the primary positive regulator of IFN-a-induced gene transcription (1, 3, 4) . The (4, 6) . Activation of ISGF3a was also detected in membrane fractions prepared from HeLa cells not treated with IFN-y when such membranes were incubated with a supematant fraction prepared from cells that had been exposed to IFN-y (Fig. 2C ).
Because it appeared that activation of ISGF3 by IFN-a required a fraction containing primarily membranes, IFN-a probably interacted with its cell surface receptor and, through an unknown coupling mechanism, activated the ISGF3a proteins. To further characterize the components in the membranes that participate in the activation of ISGF3a, we took advantage of the fact that activated ISGF3a is N-ethylmaleimide (NEM)-resistant, whereas ISGF3y is NEM-sensitive (6). Membranes were incubated with IFN-a for 30 min, treated with or without NEM, and added to a supematant fraction; the mixture was then assayed by EMSA (Fig. 3A) . Because ISGF3a is NEM-resistant, ISGF3 was also formed when the membranes were treated with NEM. If, however, the Sup was treated with NEM before the addition of IFN-atreated membranes, no ISGF3 was detected. This is consistent with the observed NEM sensitivity of ISGF3.y. These data in conjunction with the observation that the ISGF3 complex can be formed at 40C are SCIENCE * VOL. 257 * 7 AUGUST 1992 most consistent with the hypothesis that activation of the ISGF3a proteins occurred in a cellular fraction that contains plasma membranes.
In vivo activation of ISGF3a is associated with its translocation to the nucleus (4, 6). We therefore determined whether or not activation of ISGF3a was directly coupled to its release from the membrane. After incubation with IFN-a for 30 min, the Mb fraction was sedimented at 15,000g for 15 min, and the supernatant from the membranes was added to the Sup fraction at 40C (Fig. 3B) . Under these conditions no ISGF3 was present. However, when the sedimented membranes were resuspended in buffer with the detergent NP-40, recentrifuged, and the supematant then assayed, ISGF3 was formed. It can be inferred from this observation that release of the activating factor from the membranes is not directly coupled to the activation of the ISGF3a proteins; rather, it appears to require another reaction.
A variety of cofactors that are needed for well-described signaling systems were included in the incubation buffer of the cellfree system (Fig. 1) . Because only the Mb fraction was necessary to activate ISGF3a in vitro, this provided an assay system to determine whether these cofactors were essential for the signaling process. Calcium had no effect on the activation of ISGF3. The removal of NaF, which inhibits serinethreonine phosphatases, was also without effect. Because the nonhydrolyzable guanosine triphosphate (GTP) analogue guanosine 5'-0-(3'-thiotriphosphate) (GTP-y-S) was not required and the presence of guanosine 5'-0-(2-thiodiphosphate) (GDP-P-S, an inhibitor of GTP binding proteinmediated signaling) was without effect on activation of ISGF3a by IFN-a, guanine nucleotide binding proteins do not appear to be required. The absence of ATP or the substitution of a nonhydrolyzable analogue adenylyl (f,y-methylene)-diphosphonate (AMP-PCP) for ATP inhibited activation of ISGF3a, as did the addition of staurosporine (50 nM), a protein kinase inhibitor. Lower concentrations of staurosporine, which specifically inhibit protein kinase C's, had no effect on formation of ISGF3 (9) . These results confirm the results of several in vivo studies that indicated that Ca' is not needed for IFN-a signal transduction but that the activation of a protein kinase is required (10) (11) (12) (13) . However, the use of the in vitro system eliminates any secondary changes in cellular metabolism that these inhibitors might have caused in vivo.
Although much progress has been made in understanding the regulation of certain hormone-stimulated signaling systems, those systems that are activated by growth factors and cytokines have been more difficult to analyze, in part because it has not been possible to duplicate any rapid response in vitro. IFN-a-induced ISGF3 formation is a very rapid event mediated by interaction of this cytokine with its cell surface receptor (1). We observed formation of ISGF3 with IFN-a-treated membranes mixed with the Sup fraction at 4°C; maximal formation of the complex required less than 30 min. Furthermore, the addition of staurosporine (50 nM) to membranes after incubation with IFN-a (30 min, 30°C) but before mixing with the Sup did not inhibit the formation of ISGF3 (8) .
The most likely explanation of our results is that the ISGF3a proteins are membraneassociated and are rapidly activated in response to IFN-a. The activation of the factor in the membrane fraction appears not to be directly coupled to its release from the membrane fraction because only after the addition of detergent was a factor released that led to the formation of ISGF3. This suggests that another enzymatic reaction (for example the action of a protease or a lipase) may be needed to permit the association of ISGF3a with ISGF3y.
Signal transduction in many cellular systems, initiated by neurotransmitters, hormones, or antigens, involves an initial rapid rise in the concentration of intracellular Ca2+ (ICa2+1i) followed by a slower plateau phase; the initial peak, but not the second phase, is independent of extracellular Ca2+ (1) 
